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We have cloned a Caenorhabditis elegans homologue of the Drosophila gap gene hunchback (hb) and have designated it
hbl-1 (hunchback-like). hbl-1 encodes a predicted 982-amino-acid protein, containing two putative zinc-finger domains
similar to those of Drosophila Hunchback. The gene is transcribed embryonically, but unlike the maternally expressed
Drosophila hb, its mRNA is not detected in C. elegans oocytes. A hbl-1::gfp reporter is expressed primarily in ectodermal
cells during embryonic and larval development. Double-stranded RNA-interference (RNAi) was used to indicate hbl-1
loss-of-function phenotypes. Progeny of hbl-1(RNAi) hermaphrodites exhibit a range of defects; the most severely affected
progeny arrest as partially elongated embryos or as hatching, misshapen L1 larvae. Animals that survive to adulthood
exhibit variably dumpy (Dpy), uncoordinated (Unc), and egg-laying defective (Egl) phenotypes, as well as defects in vulval
morphology (Pvl). Abnormal organization of hypodermal cells and expression of a hypodermal marker in hbl-1(RNAi)
animals suggests that most of the phenotypes observed could be due to improper specification of hypodermal cells. The
pattern of hbl-1 expression is similar to that reported for the leech hunchback homologue Lzf-2, suggesting that these
proteins may have similar biological functions in diverse species with cellular embryos. © 1999 Academic PressKey Words: hb; hbl-1; embryogenesis; RNA-mediated interference (RNAi).
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aINTRODUCTION
The Drosophila segmentation gene hunchback (hb) plays
a crucial role in controlling pattern formation in the early
syncytial fly embryo (Lehmann and Nusslein-Vollard, 1987;
Struhl et al., 1992). hb encodes a Cys2–His2 zinc-finger
transcription factor that is expressed both maternally and
zygotically (Tautz et al., 1987). hb is a member of the gap
class of segmentation genes, which defines the first zygotic
level in the Drosophila segmentation hierarchy. Gap genes
espond directly to the instructive gradients of asymmetri-
ally distributed maternal factors, and in turn, specify the
xpression domains of pair-rule and HOX genes (for review
ee Rivera-Pomar and Ja¨ckle, 1996). Although homologues
f some gap genes have been identified in phyla outside of
nsects, including vertebrates, it is not known how these
Sequence data from this article have been deposited with the
EMBL/GenBank Data Libraries under Accession No. AF097737.1 To whom correspondence should be addressed. Fax: (303) 492-
744. E-mail: fayd@alpha.colorado.edu.
240enes act to specify body patterning in cellular embryos
e.g., Schuh et al., 1986; Sommer et al., 1992).
In Drosophila, hb is required for the proper formation of
horacic segments, the labium, and several posterior ab-
ominal segments (Lehmann and Nu¨sslein-Volhard, 1987).
hile maternal hb expression is not required for proper
mbryonic development, mutants deficient for both mater-
al and zygotic hb show more severe defects than mutants
acking zygotic activity alone (Hulskamp et al., 1989; Irish
t al., 1989; Struhl et al., 1989). The principle activator of
b, bicoid (bcd), encodes a maternally supplied homeobox-
ontaining transcription factor that stimulates hb expres-
ion in the anterior of the preblastoderm embryo (Tautz,
988; Schro¨der et al., 1988; Driever and Nu¨sslein-Volhard,
989; Struhl et al., 1989). hb is also required for bcd to
execute all of its functions, and the combined actions of hb
nd bcd result in a morphogenetic protein gradient that
specifies the domains of many other genes (Simpson-Brose
et al., 1994). Among the genes regulated by hb are knirps,
Kru¨ppel, giant, even-skipped, paired, hairy, caudal, and
members of the bithorax complex (Hulskamp et al., 1990;
0012-1606/99 $30.00
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241C. elegans Homologue of hunchbackZhang et al., 1991; Small et al., 1992; Gutjahr et al., 1993;
Schulz and Tautz, 1994, 1995; Langeland et al., 1994;
Casares and Sanchez-Herrero, 1995).
Many transcriptional regulators with roles in embryonic
patterning have been found to be evolutionarily conserved
(e.g., Schuh et al., 1986; Sommer et al., 1992; Manak and
Scott, 1994; Patel, 1994), suggesting that common mecha-
nisms may govern the organization of diverse body plans.
Apparently contrary to this suggestion, different metazoans
have evolved strategies for early development that superfi-
cially appear quite different. For example, patterning
mechanisms in the early Drosophila embryo depend on its
syncytial nature, whereas most embryos are cellular. In
evaluating the extent to which patterning mechanisms are
conserved, it will be of interest to investigate in cellular
embryos the roles of regulators, such as the transcription
factor encoded by hb, which in Drosophila act through the
syncytium. Homologues of hb have been detected not only
in several other insects, but also in a wide range of organ-
isms with cellular embryos, including annelids, crustacea,
and mollusks (Sommer and Tautz, 1991; Sommer et al.,
1992; Lukowitz et al., 1994; Kraft and Ja¨ckle, 1994; Wolff et
al., 1995; Savage and Shankland, 1996), but none of these
homologues has been analyzed for function. Early embry-
onic expression patterns of hb homologues in insects other
than Drosophila as well as the leech Helobdella suggest a
possible conserved role in early embryonic patterning (Som-
mer and Tautz, 1991; Kraft and Ja¨ckle, 1994; Lukowitz et
al., 1994; Wolff et al., 1995; Savage and Shankland, 1996).
We report here the first functional analysis of an hb
homologue in an organism with embryos that are exclu-
sively cellular. We have named this homologue hbl-1
(hunchback-like). We find that while hbl-1 function appears
to be essential for later embryonic and postembryonic
development, it is not required for early pattern formation
in C. elegans.
MATERIALS AND METHODS
hbl-1 cDNA
A BLAST search of the C. elegans genomic database identified a
redicted open reading frame encoding an amino acid sequence
ith significant similarity to the N-terminal Zn-finger domain of
rosophila Hb. A C. elegans mixed-stage phage cDNA library
(Okkema et al., 1994; kindly provided by P. Okkema) was probed
with a 32P-labeled fragment corresponding to hbl-1 exons 3–8 using
standard methods. Screening of 450,000 plaques identified 58
positive clones, 4 of which appeared to be full length, containing
both 59 UTR and the poly(A) sequences. Multiple stop codons in all
three reading frames of the 59 UTR implicated a single (ATG) codon
s the start methionine. The intron/exon junctions were deter-
ined from the sequences of two full-length clones (yielding a gene
tructure that differed significantly from that predicted by the
enefinder program). Trans-splicing of the hbl-1 message to SL1
and SL2 spliced leader sequences was not detected using RT–PCR
and PCR of mixed stage N2 mRNA and cDNA phage libraries,
respectively. In addition, sequence analysis of hbl-1 cDNAs con-
Copyright © 1999 by Academic Press. All rightaining the 59 UTR region did not identify spliced leader sequences.
inally, the distance between the nearest available potential up-
tream trans-splice site and the start methionine codon is 125 bp,
aking trans-splicing statistically unlikely, since in .95% of
rans-spliced C. elegans mRNAs, the trans-splice site is ,30 bp
rom the start codon (Blumenthal and Steward, 1997).
DNA Constructs
pHS1. PCR was used to generate an 1850-bp fragment spanning
exons 4–8 of hbl-1. Forward primer 59-CGATCGATGATGCTTG-
TTTGCCCGATTTGTGG-39 and reverse primer 59-GCGGAT-
CCATATGACTGTCCAATACTTGCTGG-39 were combined
with denatured l phage from a mixed-stage cDNA library (Okkema
t al., 1994). In addition, 100 ml reactions contained 13 Taq
polymerase buffer (Gibco), 6 ml of 25 mM MgCl2, 1.5 ml of 10 mM
each) dNTPs, and 1 ml Taq polymerase (Gibco). PCR reactions
were carried out as follows: 95°C, 2 min, 1 cycle; 95°C, 30 s, 58°C,
1 min, 72°C, 1 min, 40 cycles; 72°C, 5 min, 1 cycle. DNA from PCR
reactions was purified using PCR QIAquick PCR purification kit
(Qiagen), digested with BamHI and ClaI, and fractionated on a
0.7% agarose gel. An 1850-bp band was purified using a QIAquick
gel extraction kit (Qiagen) and combined in a ligation reaction with
BamHI/ClaI-cut pSP72 vector (New England Biolabs) to yield
pHS1.
pHS3. PCR was used to generate a 2860-bp fragment spanning
hbl-1 exons 3– 8 using forward primer 59-CGATCGATCGA-
TGCTGACTGCACAACAACCCG-39 and reverse primer 59-
GCGGATCCCATATGACTGTCCAATACTTGCTGG-39.
pHS4. PCR was used to generate a 4060-bp fragment spanning
hbl-1 exons 1–8 using forward primer 59-CCGATCGATGTGGT-
CTGGACTTTTTGCCTCTTCTA-39 and reverse primer 59-
GCGGATCCGAAAACTATAAATCATTCCTGAGATAG-39. Re-
actions and cloning of pHS3 and pHS4 were carried out as for pHS1.
pDF1. A 7770-bp HindIII/SpeI genomic fragment (derived from
cosmid F13D11) encompassing hbl-1 exons 1–4 (partial) and 6400
bp of the hbl-1 59 upstream region was combined in a ligation
reaction with HindIII/XbaI cut pPD95.77 (provided by A. Fire). The
resulting plasmid encodes the first 133 amino acids of HBL-1 fused
to GFP.
pDF12. Forward primer 59-GCGGTCTCGAATTCGTCC-
TCGTTAAGGAAACACTTCC-39 and reverse primer 59-CGA-
CTAGTGGTAAAACAAGATGCTTCAAGATGC-39 were used in
a PCR reaction (conditions as above) to amplify the hbl-1 39 UTR
region from cosmid F13D11. The 1390-bp fragment was digested
with BsaI/SpeI and combined in a ligation reaction with EcoRI/
peI-cut pPD95.69 (provided by A. Fire) to give the intermediate
DF11. A 2430-bp XmaI/SpeI fragment from pDF11 was combined
n a ligation reaction with a 10,400-bp XmaI/SpeI fragment from
DF1 to yield pDF12. The resulting protein encoded by pDF12 is
imilar to pDF1 but contains an SV40 NLS. Note: The GFP variant
S65C) encoded by pPD95.77 and pPD95.69 is a fast-folding variant
nd provides a stronger signal than wild-type GFP from A. victoria
Heim et al., 1995; A. Fire, personal communication).
RNAi
RNA was transcribed from pHS1, PHS3, and pHS4 plasmids
linearized with either BglII or BamHI using SP6 and T7 RNA
polymerases, respectively (Promega), under standard conditions.
Single-stranded RNAs were combined in equal concentrations and
annealed at 70–37°C. dsRNAs were injected into both gonad arms
s of reproduction in any form reserved.
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242 Fay et al.of N2 hermaphrodites. Injected (P0) animals were allowed to lay
eggs, and F1 progeny were then scored 20–24 h after removal of P0
adults from the plates. For further details see Table 1.
LIN-26 Immunostaining
F1 embryos from N2 hermaphrodites injected with hbl-1 dsRNA
derived from pHS1 and pHS4) were transferred to gelatin-coated
lides, freeze–fractured in liquid nitrogen, and fixed for 5 min in
ethanol at 220°C. Slides were rinsed in buffer A (PBS 1 0.5%
riton X-100) and blocked in buffer B (PBS/3% BSA /0.1% Tween
0) for 45 min. Following overnight incubation at 4°C with LIN-26
ntibodies (1:500 in buffer A, provided by M. Labouesse), slides
ere rinsed 33 (10 min) in buffer C (PBS/0.1% Tween 20), and
ncubated at RT in the presence of secondary antibody (FRITC goat
nti-rabbit 1:400 in buffer B). Finally slides were washed 33 (10
in) in buffer C.
RNA Blot Analysis
Twenty micrograms of total RNA (per sample) was fractionated
on a 1% agarose gel (0.22 M formaldehyde) and RNA blot analysis
was performed as previously described (Schauer and Wood, 1990)
except that Hybond-N filter was used (Amersham). A 4.0-kb
fragment corresponding to hbl-1 exons 1–8 was radiolabeled with
[a-32P]dTTP using random oligo labeling. A ribosomal RNA control
probe was made by linearizing pCe7 (Files and Hirsh, 1981) with
HindIII and labeling as above. The early embryo lane contains RNA
prepared from (85–90%) pregastrulation-stage embryos (Schauer
and Wood, 1990).
hbl-1::GFP Reporter Strains
pRF4 (carrying a dominant mutant rol-6 gene) was used as a
coinjection marker with pDF1 and pDF12 for injection into N2
hermaphrodites (Mello et al., 1992). Integrated lines were obtained
by g-irradiation of transmitting lines containing extrachromosomal
arrays, and integrated isolates were backcrossed three to four times.
RESULTS
Cloning and Structure of hbl-1
A BLAST search of the C. elegans genomic sequence
dentified an open reading frame on the left arm of LGX
ncoding a polypeptide with significant similarity to the
-terminal Zn-finger domain of Drosophila melanogaster
unchback. PCR-generated sequences from the predicted
oding region of the corresponding gene, designated hbl-1,
ere used to probe a C. elegans mixed-stage cDNA library.
equence analysis of full-length cDNA clones indicated
hat the hbl-1 transcript is approximately 4.5 kb in size,
ontains 8 exons, and encodes a predicted protein of 982
mino acids (Fig. 1). Exon 1 includes 126 bp of 59 UTR and
ncodes only the initiator methionine; exon 8 encodes the
nal 43 residues and includes 1405 bp of 39 UTR. PCR
nalyses indicated that unlike the majority of C. elegans
ranscripts, hbl-1 mRNA is not trans-spliced to a splice-
eader sequence (data not shown).
Copyright © 1999 by Academic Press. All rightAs shown in Fig. 2, the N-terminal Zn-finger domain of
BL-1 contains three Zn-finger repeats and shows a high
egree of similarity to the N-terminal Zn-finger domains of
rosophila Hunchback (72% identical), as well as to the
roducts of hb homologues Lzf2 from the leech Helobdella
triserialis (80%)(Savage and Shankland, 1996) and hb from
he flour beetle Tribolium castaneum (75%) (Wolff et al.,
995). The C-terminal domain of HBL-1 contains two
n-finger repeats and shares a lower degree of similarity
ith the corresponding regions in these proteins (25, 29,
nd 33% identical, respectively). This difference in degree
f similarities between N- and C-terminal Zn-finger do-
ains is consistent with patterns of conservation observed
or other hb homologues (Treier et al., 1989; Kraft and
a¨ckle, 1994; Savage and Shankland, 1996; Wolff et al.,
995). Little further similarity is observed between Dro-
ophila Hunchback and HBL-1 with the exception of a
tretch of 35 residues directly preceding the N-terminal
n-finger domains of both proteins (49% identical).
hbl-1 Is Expressed during Embryogenesis
FIG. 1. Gene structure and predicted polypeptide sequence of
hbl-1. (A) Schematic diagram of the hbl-1 locus. Exons (rectangles)
and introns (connecting lines) are drawn approximately to scale. 59
and 39 untranslated regions are unfilled; Zn-finger domains are
stippled; all other coding regions are black. (B) Predicted 982-
residue polypeptide encoded by hbl-1. N- and C-terminal Zn-finger
domains are represented by bold letters. GenBank accession num-
ber AF097737.To determine the timing of hbl-1 expression during C.
elegans embryonic and postembryonic development, we
s of reproduction in any form reserved.
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243C. elegans Homologue of hunchbackperformed RNA blot analyses. hbl-1 mRNA, of the size
predicted from the full-length cDNA sequence, is present at
highest levels in mixed-stage embryonic populations, and
was detectable only at low levels in an RNA preparation
derived predominantly from pregastrulation-stage embryos
(85–90% ,30-cell stage) (Fig. 3). These results indicate that
hbl-1 is expressed at highest levels in middle- or late-stage
embryos, or both. The .10-fold lower signal observed in the
early embryo lane could reflect the presence of some
later-stage embryos (10–15%) in these preparations. hbl-1
mRNA is also present in all larval-stage animals at rela-
tively low levels, which decrease progressively with age
(Fig. 3 and data not shown). A very faint band corresponding
to hbl-1 is detectable in glp-4 hermaphrodites, which lack
FIG. 2. Similarity of HBL-1 zinc-finger domains with those of Hun
f HBL-1 N-terminal (A), and C-terminal (B), Zn-finger domains to fl
Hunchback homologue Lzf2, and red flour beetle (Tribolium casta
indicate similarity. Asterisks indicate conserved residues of the C
epeats, numbers corresponding to order of Zn-fingers from N to C
FIG. 3. RNA blot analysis of hbl-1 transcript accumulation dur-
ing development. Filters were probed with a 4.0-kb hbl-1 cDNA
sequence. A control probe specific to 5S ribosomal RNA was used
to monitor RNA loading. Arrow indicates position of the dominant
4.5-kb band corresponding to hbl-1 mRNA. The early embryo
reparation contained 85–90% pregastrulation-stage embryos (,30
ells). fem-2 animals contain normal oocytes but are defective in
perm production. glp-4 animals contain almost no germ cells.
Copyright © 1999 by Academic Press. All rightgerm cells (Beanan and Strome, 1992) and therefore indicate
the expression of hbl-1 in adult somatic tissue. A faint band
is also observed in fem-2 adult hermaphrodites, which are
defective in spermatogenesis and therefore contain normal
oocytes but no embryos (Kimble et al., 1984). The indistin-
guishable levels of hbl-1 mRNA in glp-4 and fem-2 adults
indicate that the hbl-1 transcript is largely or completely
absent from unfertilized oocytes. Therefore, in contrast to
Drosophila hb, hbl-1 does not appear to be maternally
expressed.
hbl-1 Is Expressed Embryonically and
Postembryonically in Ectodermal Cells
The pattern of hbl-1 embryonic and postembryonic ex-
pression was analyzed using strains carrying GFP reporter
transgenes. Because most transgenes are not efficiently
expressed in the germ line of C. elegans, GFP reporters
cannot be used to address maternal expression (Kelly et al.,
1997; Kelly and Fire, 1998). Strain BW1891 carries an
integrated array containing 7.8 kb of the hbl-1 genomic
egion fused in frame to the gfp gene and followed by the
nc-54 39 UTR. The resulting protein encodes GFP pre-
ceded by the first 133 amino acids of HBL-1. The array in
BW1932 is similar but contains in addition an SV40 nuclear
localization signal and the authentic 1.4-kb hbl-1 39 UTR.
Embryonic expression in both reporter strains is first de-
tected coincident with the start of visible morphogenesis at
around the 500-cell stage, in hypodermal precursor cells,
and several unidentified cells in the developing tail (Figs.
4A and 4B). By the comma and 1.5-fold stages, expression is
observed in many hypodermal precursor cells including
P1–12, V1–6 (QV5), H0–H2, hyp4, hyp6, and hyp7 cells, as
well as several presumptive hypodermal cells clustered in
the tail (Fig. 4C). A similar pattern of hypodermal expres-
sion is also observed in LIN-26-stained comma-stage em-
bryos (Fig. 4D). Expression at this stage is also observed in
ck homologues from other species. Peptide sequence comparisons
rosophila melanogaster) Hunchback, leech (Helobdella triserialis)
) Hunchback. Black background indicates identity and gray boxes
class of Zn-finger proteins. Brackets indicate individual Zn-finger
inus.chba
y (D
neumthe primordial pharynx as well as in the arcade cells
encircling the forming buccal cavity (Fig. 4E). Posterior
s of reproduction in any form reserved.
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244 Fay et al.expression is detected in cells surrounding the forming
rectum and in other cells likely to be neuronal precursors
(data not shown). Later during embryogenesis, GFP is de-
tected in the majority of pharyngeal cells as well as in
FIG. 4. Embryonic expression of hbl-1::gfp. (A) Nomarski and (B) GFP
top left embryo, anterior (a) is as indicated in B. (C, D, E) Anterior and p
GFP expression at comma stage. Round cells are lateral hypoderm
expression in lateral hypodermal precursor cells. Note similarity to ex
plane. GFP expression observed in the mid-body region corresponds to
the forming buccal (anterior) and rectal (posterior) openings. Round c
pretzel-stage embryo, showing GFP expression in the embryonic phaneurons, with no discernible expression in cells of the
hypodermis (Fig. 4F).
t
h
Copyright © 1999 by Academic Press. All rightIn larvae, GFP expression is observed predominantly in
eurons. Staining in the ventral nerve cord (VNC) is first
etected in L1 larvae prior to the migration of P-cells (data not
hown) and is later observed in many cells of the VNC from L2
ges showing the earliest observed expression in BW1932 embryos. For
or ends are indicated by “a” and arrowhead, respectively. (C) BW1932,
ecursors. (D) Wild-type N2 comma-stage embryo, showing LIN-26
ion pattern in C. (E) BW1932 early comma-stage embryo, central focal
of the primordial pharynx. Expression is also seen in cells surrounding
n ventral and dorsal surfaces are hypodermal precursors. (F) BW1891
(arrow). Size bar represents 10 mm.ima
osteri
al pr
press
cellso L4 stages (Fig. 5A). In addition, we detect staining in the
ermaphrodite-specific neurons (HSN) beginning around the
s of reproduction in any form reserved.
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245C. elegans Homologue of hunchbackL2 stage and in the canal-associated neurons (CAN) beginning
around the L3 stage (Figs. 5B and 5C). Staining is also observed
in many neurons of the anterior nerve ring (Fig. 5D), the dorsal
nerve cord, and several neurons in the tail (data not shown).
Weak neuronal expression is also often seen in young adults.
We also observe variable background staining of GFP in
muscle cells in BW1891 larvae (Fig. 5C) but not in BW1932
animals. This staining may be artifactual and could result
from the presence of the unc-54 39 UTR (derived from muscle
myosin) in the reporter construct used for BW1891, but not
BW1932 strains. Aside from this difference, no other discrep-
ancies in cell-type-specific expression have been observed
between the two reporter constructs, suggesting that the 39
UTR of hbl-1 may not play a critical role in directing hbl-1
xpression.
hbl-1 Is Required for Embryonic Development
To examine the developmental function of hbl-1, double-
stranded RNA-mediated interference (RNAi) experiments
were carried out. Progeny of wild-type animals injected
FIG. 5. Larval expression of hbl-1::gfp. (A) BW1932 L3/L4 larva sh
HSN. (B, C) BW1891 L3/L4 larvae showing expression in the (B) CA
be observed in B as a row of expressing cells (out of focus) below th
arrowhead in C. (D) BW1891 L4 larva showing expression in the nwith double-stranded RNAs [designated (hbl-1(RNAi) ani-
als] have been shown to display gene-specific loss-of-
Copyright © 1999 by Academic Press. All rightunction phenotypes (Fire et al., 1998). These often range
rom partial to complete loss-of-function phenotypes, so
hat RNAi may be able to provide the equivalent of an
llelic series.
hbl-1(RNAi) resulted in the failure of 38% of F1 embryos
o hatch within 20–44 h following laying, in contrast to
ild-type embryos, which hatch at 12–14 h after laying
Table 1). Most unhatched embryos (.90%) appeared to
rrest following some degree of body morphogenesis,
hough the shapes of such embryos were often severely
bnormal, and elongation appeared incomplete (Figs. 6A
nd 6B). We note that while hbl-1(RNAi) does result in a
ery low percentage (;3%) of embryos which appear to
have undergone arrest prior to morphogenesis, similar ef-
fects are also observed for control injections with H2O and
are most likely to result from the injection procedure. We
also failed to observe any significant defects in the progeny
of animals injected with single-stranded hbl-1 antisense
RNA (Table 1). This result is consistent with observations
that antisense RNA alone is generally not effective at
inactivating genes that do not have a maternal requirement
ng strong GFP expression in the ventral nerve cord (VNC) and the
nd (C) HSN (posterior to left, anterior to right). The VNC can also
N cell. Weak staining in a muscle cell nucleus is indicated by the
ring (nr). Size bars represent 100 mm in A, 10 mm in B, C, and D.owi
N a(Fire et al., 1998).
Hatched L1 larvae generally (.90%) showed profound
s of reproduction in any form reserved.
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246 Fay et al.abnormalities with respect to body size and shape (Table 1).
Animals were very short and stout (Dpy phenotype) and
often contained lumps or irregularities on their surfaces
TABLE 1
hbl-1(RNAi) Phenotypes
Injected RNA
Concentration
(mg/ml)
% Unha
embry
bl-1 double-strandeda 0.5–1.0 38
bl-1 antisenseb 0.5–1.0 5
H2O N/A 3
Note. RNAs were injected into both gonad arms of young adult N
njection, allowed to lay eggs for 18 h, and then transferred to new p
ere scored 20–24 h following removal of the P0 adult.
a hbl-1 dsRNA (derived from pHS4) corresponds to a 2880-bp fra
b RNA used for antisense injections (derived from pHS3) correspo
ollowing injection of dsRNAs corresponding to an 1840-bp fragm
FIG. 6. Phenotypes resulting from hbl-1(RNAi) as seen by Nomar
igns of morphogenesis and organogenesis. Anterior end of lower em
nd the presence of gut granules (white arrow). (B) Unhatched (.20 h
ave elongated to about the 2-fold stage. Note irregular surface ruffl
oth pharynx and gut granules are visible. Shape of pharynx is somewh
ggs and abnormal vulval protrusion (white arrowhead). Black size bar
Copyright © 1999 by Academic Press. All rightFig. 6C; for normal L1 larva see Fig. 7C). Defects were also
bserved in locomotion (Unc phenotype) ranging from com-
lete paralysis to moderately impaired movement. Less-
% Abnormal
larvae
% Normal
larvae
F1 progeny
scored
58 4 1890
0 95 599
0 97 634
maphrodites. Viable P0 animals were single-plated 6–8 h following
and allowed to lay eggs for an additional 24 h. Embryos and larvae
t of hbl-1 cDNA spanning sequences from exons 1–8.
to a 2600-bp fragment spanning exons 3–8. Strong LOF phenotypes
panning hbl-1 exons 4–8 (derived from pHS1) were also observed.
icroscopy. (A) Terminal (.40 h) unhatched embryos showing clear
is indicated by “a.” Note partially developed pharynx (black arrow)
bryos with well-developed pharynx and gut granules. Both embryos
d blebs on embryo to the right. (C) Severely affected Dpy L1 larva.tched
os
2 her
lates
gmenski m
bryo
) em
es anat irregular. (D) Dpy, Egl, Pvl adult. Note the presence of internal
represents 10 mm; white size bar represents 100 mm.
s of reproduction in any form reserved.
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247C. elegans Homologue of hunchbackdefective larvae continued to grow and developed into
variably Dpy, Unc, and egg-laying defective (Egl phenotype)
adults with abnormal vulval protrusions (Pvl) (Fig. 6D). The
spectrum of phenotypes observed for hbl-1(RNAi) animals
could reflect differences in the dsRNA dosage to individual
embryos, but could also be due to variable penetrance and
expressivity associated with hbl-1 loss of function.
hbl-1 Is Necessary for the Proper Differentiation of
Hypodermal Cells
The C. elegans hypodermis is a single layer of epithelial
ells that encloses the animal and is responsible for secre-
ion of the protective cuticle (White, 1988). The Dpy and
isshapen phenotypes observed for hbl-1(RNAi) embryos
ould be due to defects in hypodermal cell differentiation.
urthermore, expression of hbl-1 in many hypodermal cells
t the comma stage is consistent with a role for hbl-1 in
etermination of hypodermal cell fates. The transcription
actor LIN-26 is required for the specification of hypoder-
al cells and is expressed in all hypodermal and glial cells
uring embryogenesis (Labouesse et al., 1994, 1996). There-
ore, in embryonic hypodermal precursor cells, LIN-26
erves as a marker for adoption of the hypodermal cell fate.
o see if LIN-26 expression is altered in hbl-1(RNAi)
mbryos, a subset of laterally located hypodermal precursor
ells was scored for LIN-26 staining in comma-stage em-
ryos (Table 2). While most hbl-1(RNAi) embryos exhibited
he correct number of LIN-26-positive cells, fewer than
ormal staining cells were observed in 18% (n 5 85) of the
mbryos (Table 2 and Figs. 7A and 7B). In contrast, wild-
ype comma-stage embryos showed very consistent expres-
ion of the LIN-26 marker (Table 2 and Fig. 4D). Although
recise cell assignments are difficult, the majority of miss-
ng LIN-26-expressing cells appear to be anterior cells of the
ateral cluster, including H2, P1/2, P3/4, V1, V2, and ante-
ior hyp7 cells. These results demonstrate that while hbl-1
unction is not required for all LIN-26 expression, it is
ecessary for complete expression of LIN-26 in hypodermal
recursor cells, suggesting a role for hbl-1 in the specifica-
ion of at least some hypodermal cell fates.
We also examined the effect of hbl-1(RNAi) on the fates
f the lateral hypodermal cells termed seam cells. In wild-
ype animals, 20 seam cells form two lateral rows of 10 cells
ach along the right and left sides of newly hatched L1
arvae (Figs 7C and 7D). Seam cells are derived from the H0,
1, T, and V-cell (1–6) lineages, which express hbl-1 during
mbryogenesis. hbl-1(RNAi) was carried out in the seam-
ell-marker line JR672, which expresses GFP under the
ontrol of a partially specific promoter (Terns et al., 1997).
n addition to expressing the GFP marker in seam cells,
R672 often shows expression in the right and left Q cells in
arly L1 larvae, which divide in the mid-L1 stage to become
euroblasts (data not shown). Nearly all hbl-1(RNAi) L1
arvae showed gross defects in the arrangement of seam
ells. Whereas wild-type seam cells are generally evenly
paced along the A/P axis, reside in one plane, and show a
Copyright © 1999 by Academic Press. All rightigh degree of symmetry between right and left sides (Figs.
C and 7D), seam cells in hbl-1(RNAi) larvae were un-
venly spaced, frequently out of plane, and showed little or
o symmetry (Figs. 7E and 7F). In addition, fewer than
ormal GFP-positive cells were frequently observed in
bl-1(RNAi) larvae. Sixty-two percent of newly hatched
bl-1(RNAi) L1 larvae (n 5 50) contained fewer than 20
FP-positive cells (range 14–23) compared to 1% of un-
reated JR672 L1 larvae (n 5 100; range 18–26). These
esults indicate that hbl-1 plays a required role in the
rganization of hypodermal seam cells, as well as a less
xtensive role in their proper specification.
hbl-1 Is Required for the Correct Execution of P-
Cell Fates during Vulval Morphogenesis
Hermaphrodite hbl-1(RNAi) animals that survive to
adulthood exhibit Egl and Pvl (protruding vulva) pheno-
types. The C. elegans vulva, essential for egg laying, is
derived from hypodermal P cells that are induced by the
gonadal anchor cell to adopt specialized vulval fates (for
review see Horvitz and Sternberg, 1991). To examine the
requirement for hbl-1 in vulval development, vulval mor-
phogenesis was analyzed in hbl-1(RNAi) animals. Migra-
tion of lateral P cells to the ventral surface normally occurs
during the L1 larval stage and appeared to be carried out
faithfully in hbl-1(RNAi) L1 larvae examined (n 5 15),
though occasionally one or more P cells appeared to be
missing or displaced.
In L3 larvae, signaling by the anchor cell induces three
vulval precursor cells (VPCs), the P cells P5p, P6p, and P7p,
to adopt either 1° (P6p) or 2° (P5p and P7p) vulval fates,
resulting in a series of three division cycles with lineage
patterns characteristic of the two fates. P cells not induced
by the anchor cell adopt hypodermal fates and fuse with the
hypodermal syncytium. Defects in the vulval lineages of
hbl-1(RNAi) L3 larvae were detected as early as the first
division cycle (2 Pn.p-cell stage) (Fig. 8A) when some Pnp
cells failed to divide with the appropriate timing (n 5 10).
Similar defects were also observed in the second division
cycle (4 Pnp-cell stage) (Fig. 8B), and at later stages (n . 50)
(Figs. 8C and 8D). Strictly reproducible P-cell lineage de-
fects were not observed, although all three VPC lineages
were variably affected. By the mid-L4 stage, vulval morpho-
genesis appeared completely abnormal (Fig. 8D) with aber-
rant cell arrangements, frequent multiple invaginations,
and often fewer than normal numbers of cells. In addition,
large undivided cells were often observed that appeared to
have joined the hypodermal syncytium (Figs 8C and 8D).
DISCUSSION
hbl-1 Function Is Not Required for Early
Patterning in the C. elegans EmbryoEarly patterning of the body plan is still poorly under-
stood in most embryos, including those of C. elegans,
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248 Fay et al.where cellular barriers presumably preclude the gradients of
transcription factors that supply positional information in
the Drosophila syncytial blastoderm. Nevertheless, homo-
ogues of many early-acting Drosophila transcription fac-
ors have been identified in other species, suggesting that
FIG. 7. Altered expression of hypodermal cell markers resulting f
injected with hbl-1 dsRNA were stained with LIN-26 antibodies.
normal embryos at the same stage (compare to Fig. 4D; see also Ta
hich carries a GFP marker for hypodermal seam cells. (C, E) Nom
ize bars represent 10 mm.ome of their patterning functions may be conserved (e.g.,
chuh et al., 1986; Sommer et al., 1992; Manak and Scott,
d
i
Copyright © 1999 by Academic Press. All right994; Patel, 1994). An important goal for future studies will
e to discern how these homologues relate to one another
unctionally.
To this end, we have investigated the role of the C.
legans hunchback homologue, hbl-1, during embryonic
hbl-1(RNAi) . (A, B) Comma-stage progeny of N2 hermaphrodites
ryos in both panels contain fewer LIN-26 staining nuclei than do
). (C, D) Normal and (E, F) hbl-1(RNAi) L1 larvae of strain JR672,
i images of the fluorescing larvae shown in D and F, respectively.rom
Emb
ble 2evelopment. We have shown that in contrast to Drosoph-
la hb, hbl-1 does not appear to function during early
s of reproduction in any form reserved.
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249C. elegans Homologue of hunchbackembryogenesis. This conclusion is based both on expression
analyses and on the phenotypes resulting from hbl-
1(RNAi). First, hbl-1 mRNA is not detected in unfertilized
oocytes, and is present only at low levels, if at all, in
pregastrulation embryos (,30 cells). Second, GFP expres-
sion from an hbl-1::gfp reporter construct is not detectable
until around the 500-cell stage of embryogenesis (;300
min). Because of the time lag between the transcription of
GFP message and the detection of a visible GFP signal, we
cannot precisely determine the onset of hbl-1 transcription.
Nevertheless, estimates based on GFP folding times in
Drosophila and Escherichia coli as well as work in our own
laboratory (L. Edgar, personal communication) suggest that
detection of GFP may occur within 30–40 min of transcrip-
tion (Heim et al., 1995; Hazelrigg et al., 1998). Therefore,
significant hbl-1 zygotic expression (as displayed by the
GFP reporter) is not likely to occur prior to the 350-cell
stage of embryogenesis (approximately 260 min). It should
be noted that because most transgenes are not efficiently
expressed in germ-line cells, GFP reporters cannot be used
to assess maternal expression (Kelly et al., 1997; Kelly and
Fire, 1998). Third, the arrest points and phenotypes ob-
served for hbl-1(RNAi) embryos are consistent with later
embryonic functions. The earliest embryonic arrest is seen
to occur only after the first obvious signs of morphogenesis,
at around the 1.5-fold stage. In contrast, inactivation of
many early-acting genes results in arrest prior to morpho-
genesis (e.g., Isnenghi et al., 1983; Priess et al., 1987;
Kemphues et al., 1988). Finally, the lack of observable
defects following injection with hbl-1 single-stranded anti-
sense RNA preparations (Table 1) is consistent with the
observation that non-maternal-effect genes require rela-
tively high levels of double-stranded RNA for the inactiva-
tion of gene functions (Fire et al., 1998).
TABLE 2
LIN-26 Expression in hbl-1(RNAi) Comma-Stage Embryos
23 22 21 20 19
N2b 2 30 36 8 2
Number of (n 5 78)
embryos hbl-1(RNAi)c 1 24 32 9 4
(n 5 85)
a LIN-26 staining was assayed in a subset of lateral hypodermal
V5, V6, H2, and (8-9) hyp7 cells) in both wild-type N2, and hbl-1
eft sides of comma-stage embryos which can be easily identified
b Counts expected for N2 (based on Sulston et al., 1983): left sid
anterior end of the cluster). LIN-26 staining was scored in 78 embry
0.7 (two-tailed T test for significance in difference between sides,
c Right (34) and left (51) sides of embryos were scored from prog
assayed were laid 24–48 h postinjection, after confirmation of (R
between wild-type and hbl-1(RNAi) embryos were determined higPrevious work in our laboratory has demonstrated that
X-chromosome zygotic functions are not required in
Copyright © 1999 by Academic Press. All rightpregastrulation-stage embryos for execution of normal lin-
eages and cleavage patterns (Storfer-Glazer and Wood,
1994). Therefore, zygotic functions of hbl-1 (which is
X-linked) should not be required for early patterning prior to
the 30-cell stage. In confirmation of this expectation, we
have not observed any alteration in pregastrulation cell
division patterns by time-lapse analysis of cleavages in
hbl-1(RNAi) embryos (data not shown).
The 1.5-fold stage embryonic arrest phenotype observed
in hbl-1(RNAi) embryos is likely to approximate the result
of complete loss of hbl-1 function. We base this on the
finding that RNAi inactivation of other genes has been
found to produce a range of gene-specific defects, including
phenotypes identical to those resulting from known null
alleles (Fire et al., 1998) and because the timing of hbl-1
expression would not indicate a function prior to morpho-
genesis. However, we cannot rule out the possibility that a
more severe phenotype would result from a hbl-1 null
mutation (which we were unable to obtain in extensive
screens of two transposon-insertion and one deletion li-
brary). In addition, because RNAi may produce mosaicism
of expression (Fire et al., 1998), it is conceivable that we
have not achieved the same degree of hbl-1 inactivation in
all tissues. These are inherent limitations of the RNAi
method that are difficult to overcome. On the other hand,
because RNAi often appears to produce a range of pheno-
types that may be equivalent to that of an allelic series (A.
Fire, personal communication), it may provide more infor-
mation than any single mutant allele.
It is interesting to note that while maternal hb is not
required for normal embryogenesis in Drosophila, maternal
hb expression has nevertheless been conserved in other
insects, as well as in the leech H. triserialis (Treier et al.,
1989; Sommer and Tautz, 1991; Kraft and Ja¨ckle, 1994;
mber of LIN-26-expressing cellsa
18 17 16 15 14 13 12 11 10 9
2 1 3 3 1 2 1 2
ursor cells (P1/2, P3/4, P5/6, P7/8, P9/10, P11/12, V1, V2, V3, V4,
i) embryos. These cells form distinct groupings on both right and
ig. 4D).
; right side, 22 (right side contains an additional hyp7 cell at the
right and 39 left). Averages: left side, 20.9 6 0.6; right side, 21.7 6
.001); both sides 21.3 6 0.8.
ollowing injection of hbl-1 dsRNA (derived from pHS4). Embryos
) toxicity to sibling progeny laid 6–24 h postinjection. Variances
ignificant by a one-tailed F test (P 5 7.2 3 10226).Nu
prec
(RNA
(see F
e, 21
os (39
P ! 0
eny fWolff et al., 1995; Savage and Shankland, 1996). In Drosoph-
ila, the reason for maintenance of an apparently dispensable
s of reproduction in any form reserved.
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250 Fay et al.function is not clear. It has been suggested that hb maternal
xpression across species reflects an ancestral role for hb as
maternally required gene (Hulskamp et al., 1990; Sommer
nd Tautz, 1991). However, the lack of maternal expression
bserved for hbl-1 implies either that this suggestion is
ncorrect or that the C. elegans expression pattern has
esulted from a relatively recent evolutionary event.
hbl-1 Is Required for the Proper Differentiation of
Hypodermal Cells and Their Derivatives
The failure of embryos to elongate has been attributed to
defects in muscle or hypodermal cells, or in muscle–
hypodermal cell attachments (Chen et al., 1994; Williams
and Waterson, 1994; Gatewood and Bucher, 1997; Wiss-
FIG. 8. Vulval defects resulting from hbl-1(RNAi ). Panels sho
nterior to the left. (A) Failure of P5p to execute the first division cy
B) Failure of P7p to execute first or second divisions. P5p and P6p h
tage vulvae. (C) Note syncytial-like (syn) hypodermal cells in regio
ells (P4pa, P4pp, P8pa, P8pp) are out of view. (D) Note multiple inv
ize bar represents 10 mm.mann et al., 1997; Costa et al., 1998). Given the observed
expression of hbl-1::gfp in hypodermal precursor cells dur-
Copyright © 1999 by Academic Press. All righting embryogenesis, it seems likely that the hbl-1(RNAi)
phenotype results largely from incomplete or improper
differentiation of hypodermal cells. Several lines of evi-
dence support this conclusion: (1) LIN-26 staining is re-
duced in a subset of comma to 1.5-fold-stage embryos; (2)
hypodermal seam-cell patterning is markedly altered in L1
larvae, and fewer than normal cells are observed to express
a seam cell GFP marker; and (3) hypodermal cells induced
to form the hermaphrodite vulva show lineage and morpho-
genetic defects. While these results indicate that hbl-1
activity is not a general absolute requirement for hypoder-
mal cell identity, they clearly show that hbl-1 is necessary
for proper differentiation and function of at least some
hypodermal cells.
We also note that while 18% of comma-stage hbl-
marski images of surviving late-stage hbl-1(RNAi) larvae, with
n concert with P4p, P6p, and (not shown) P7p, which have divided.
divided twice to give four descendants each. (C, D) Abnormal later
5p and P7p. Terminally divided anterior and posterior hypodermal
ations (white arrowheads) and large syncytial cell in region of P6p.w No
cle i
ave
n of P1(RNAi) embryos were observed to contain fewer than
normal LIN-26-expressing cells, defects in elongation and
s of reproduction in any form reserved.
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251C. elegans Homologue of hunchbackmorphology are observed in .95% of these embryos. This
iscrepancy strongly argues that LIN-26 misexpression (at
he comma stage) cannot account for most of the defects
bserved. Our interpretation is that hbl-1 loss of function
results in variable defects to hypodermal cells, including, in
some cases, failure to acquire a hypodermal cell identity. It
is possible that such variability may be due in part to
different levels of hbl-1 gene inactivation by RNAi in
different embryos. However, it has been demonstrated that
embryos deficient for all zygotic X-chromosome functions
still show LIN-26 expression in .50% of the normal
number of cells (Chanal and Labouesse, 1997). In addition,
significant variability between individual embryos has been
observed for LIN-26 expression in a number of mutant and
deficiency backgrounds (Chanal and Labouesse, 1997). Fi-
nally it should be pointed out that while LIN-26 expression
may reflect an early commitment to the hypodermal cell
fate, it is not a measure of the fully differentiated state.
hbl-1(RNAi) larvae show a highly penetrant (.90%)
though variable defect in vulval morphogenesis. The abnor-
malities observed are likely to be the principal result of
lineage defects in vulval precursor cells (P cells) following
induction, but may also be due in part to failures in cell
movement, fusion, and organization. It is interesting to
note that while hbl-1::gfp expression is absent in P-cell
lineages during larval development, hbl-1 activity is never-
theless required for the correct execution of vulval cell
fates. It would therefore appear that hbl-1 functions in
hypodermal precursor cells during embryogenesis to initi-
ate differentiation programs that are required for late devel-
opmental events. We have also observed male tail morpho-
genesis defects in surviving hbl-1(RNAi) males (data not
shown), but the severe Dpy phenotypes observed for hbl-
1(RNAi) males make characterization of these animals
difficult. This observation is nevertheless consistent with
results described above because the male tail is also formed
postembryonically from cells of the hypodermis.
Expression Patterns of hunchback Homologues
May Be Evolutionarily Conserved
In addition to expression in hypodermal precursor cells,
hbl-1::gfp reporters indicate widespread expression of hbl-1
in the embryonic pharynx and in neurons during larval
stages. The variable Unc phenotypes observed in hbl-
1(RNAi) larvae could be due to defects in neuronal devel-
pment, or may arise from problems associated with the
ailure to elongate properly. We have not observed gross
eficiencies in neuronal cell specification using an
nc-119::gfp neuron-specific marker in hbl-1(RNAi) larvae
data not shown). Nevertheless, it is quite possible that
euronal functions are altered in these animals. We also do
ot generally observe obvious patterning defects in the
harynges of hbl-1(RNAi) embryos and larvae, although
inor abnormalities in the overall shape are sometimeseen (Fig. 6C). Therefore, the function of hbl-1 expression in
the developing pharynx is not clear.
Copyright © 1999 by Academic Press. All rightThe pattern observed for hbl-1 expression shows an
intriguing correlation with the zygotic expression pattern
reported for the leech hunchback homologue, Lzf2. Lzf2 is
expressed in many epithelial cells prior to organogenesis
and in some epidermal structures during later embryonic
stages (Savage and Shankland, 1996). Lzf-2 is also expressed
in the foregut and posterior midgut, and is expressed exten-
sively in the developing nervous system. In Drosophila, hb
is also expressed in most CNS neuroblasts and their prog-
eny, where it has been shown to regulate the expression of
POU-domain transcription factors (Kambadur et al., 1998).
OU-domain proteins are expressed in the developing ner-
ous systems of many organisms including mammals as
ell as C. elegans, where they function to specify cell
dentity (for review see Ryan and Rosenfeld, 1997). Like hb
omologues in the insect phyla, Lzf2 is maternally ex-
ressed, but unlike Drosophila hb, it does not appear to play
role in establishing the A/P axis of the early embryo
Savage and Shankland, 1996).
With its powerful genetics, RNAi, well-characterized
evelopmental program, and genomic sequence nearing
ompletion, C. elegans provides a favorable system for
unctional analysis of Drosophila patterning gene homo-
logues in a cellular embryo. It will be interesting to deter-
mine both the roles of such genes in C. elegans and the
extent to which the regulatory networks in which they
participate have been conserved.
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Note added in proof. It was pointed out to us (Diethard Tautz,
personal communication) that exon 4 of hbl-1 encodes several
additional putative Zn-finger repeats (amino acids 338–358, 363–
384, 540–560) which reside upstream of the canonical Hunchback
N-terminal Zn-finger domain (aa 569–647). Interestingly, the first
and second repeats are 47 and 55% identical to a pair of Zn-finger
repeats present in the genomic region that encodes the H. triserialis
hb homologue, Lzf2 (Savage and Shankland, 1996; D. Tautz,
ersonal communication). The third repeat, which is present in a
egion noted in the text as having significant homology to Dro-
ophila HB (aa 534–568), also encodes a putative Zn-finger.
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